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ABSTRACT 

A 2-D E a r t h  R a d i a t i o n  B u d g e t  C l i m a t e  Mode l  h a s  b e e n  

c o n s t r u c t e d  f r o m  a n  OLWR model  a n d  a n  e a r t h  a l b e d o  m o d e l .  E a c h  

o f  these models u s e  t h e  same c l o u d  c o v e r  c l i m a t o l o g y  modi f ied  b y  

a f a c t o r  G L C L C  w h i c h  a d j u s t s  t h e  g l o b a l  a n n u a l  a v e r a g e  c l o u d  

c o v e r .  T h e  two m o d e l s  a r e  l i n k e d  b y  a s e t  o f  e q u a t i o n s  w h i c h  

r e l a t e  t h e  c l o u d  a l b e d o s  t o  t h e  c l o u d  t o p  t e m p e r a t u r e s  o f  t h e  

OLWR model. T h e s e  e q u a t i o n s  a r e  d e r i v e d  from s i m u l t a n e o u s  n a r r o w  

b a n d  s a t e l l i t e  m e a s u r e m e n t s  o f  c l o u d  t o p  t e m p e r a t u r e  a n d  a lbedo.  

I n i t i a l  r e s u l t s  i n c l u d e  g l o b a l  a n n u a l  a v e r a g e  v a l u e s  o f  

a l b e d o  a n d  l a t i t u d e  l o n g i t u d e  r a d i a t i o n  f o r  4 5 %  a n d  5 7 %  g l o b a l  

a n n u a l  a v e r a g e  c l o u d  c o v e r  a n d  t w o  d i f f e r e n t  f o r m s  o f  t h e  c l o u d  

a lbedo  - c l o u d  t o p  t e m p e r a t u r e  e q u a t i o n s .  

V 



An E a r t h  R a d i a t i o n  B u d g e t  C l i m a t e  Model 
_I 

1. I n t r o d u c t i o n  

A p a r a m e t e r i z e d  2-D E a r t h  R a d i a t i o n  B u d g e t  C l i m a t e  Model h a s  

b e e n  c o n s t r u c t e d  b y  c o m b i n i n g  t h e  E a r t h  O u t g o i n g  L o n g w a v e  

. R a d i a t i o n  C l i m a t e  Model o f  Y a n g ,  e t  a l .  ( 1 9 8 4 ,  1 9 8 7 )  w i t h  a 

m o d i f i e d  v e r s i o n  o f  t h e  T i m e  Var iab le  Model of E a r t h ' s  Albedo of 

B a r t m a n  (1980, 1981). 

T h e s e  t w o  models,  s e p a r a t e l y ,  describe t h e  a v e r a g e  e a r t h ' s  

o u t g o i n g  l o n g w a v e  r a d i a t i o n  a n d  t h e  average  e a r t h ' s  a lbedo  w i t h  

good a c c u r a c y .  C o m b i n i n g  t h e m  s h o u l d  y i e l d  model e s t ima tes  o f  

e a r t h  r a d i a t i o n  b a l a n c e  ( n e t  r a d i a t i o n ) .  A l s o ,  s i n c e  each of t h e  

m o d e l s  u s e s  t h e  c l o u d  c l i m a t o l o g y  o f  S h e r r  e t  a l .  ( 1 9 6 8 ) ,  

c o m b i n i n g  them c o u l d  c o n c e i v a b l y  g i v e  u s e f u l  r e s u l t s  r e g a r d i n g  

t h e  e f f e c t s  o f  c l o u d s  o n  t h e  e a r t h  r a d i a t i o n  B u d g e t  ( c l o u d  

f o r c i n g  f u n c t i o n s ) .  

2. D e s c r i p t i o n  of t h e  E a r t h  R a d i a t i o n  B u d g e t  C l i m a t e  Model -- 
2.1 O u t g o i n g  Longwave R a d i a t i o n  (OLWR)  Model 

T h e  c h a r a c t e r i s t i c s  o f  t h e  OLWR model  o f  Yang  a r e  

i n d i c a t e d  s c h e m a t i c a l l y  i n  F i g .  1. T h e  m o d e l  c a l c u l a t e s  O L W R  

u s i n g  W a r r e n  a n d  T h o m p s o n ' s  p a r a m e t e r i z a t i o n  ( 1 9 8 2 )  of t h e  

r a d i a t i v e  t r a n s f e r  model o f  Wiscomb ( 1 9 7 6 ) ,  u s i n g  m o n t h l y  a v e r a g e  

f i e l d s  of s u r f a c e  t e m p e r a t u r e  (Ts), f r a c t i o n a l  c l o u d  c o v e r  ( A c ) ,  

c l o u d  t o p  t e m p e r a t u r e  ( T , ) ,  a n d  m o i s t u r e  o n  a loo x loo ( L a t . 1  

Lon.)  g r i d  o v e r  t h e  g l o b e .  C l i m a t o l o g i c a l  t e m p e r a t u r e s  a n d  dew 

p o i n t  d a t a  a r e  o b t a i n e d  f r o m  C r u t c h e r  a n d  M e s e r v e ( l 9 7 0 )  a n d  

T a l j a a r d  e t  a l .  ( 1 9 7 1 ) .  C l o u d  c o v e r  d a t a  a r e  f r o m  S h e r r  e t  a l .  

( 1 9 6 8 ) ,  m o d i f i e d  b y  a c o n s t a n t  f a c t o r  o b t a i n e d  f r o m  t h e  a l b e d o  

1 
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mode l .  

c l o u d  c o v e r  (GLCLC) .  

T h i s  f a c t o r  a d j u s t s  t h e  v a l u e  of  g l o b a l  a n n u a l  a v e r a g e  

T h e  p a r a m e t e r i z e d  e q u a t i o n s  f o r  c l e a r  a n d  c l o u d y  sky O L W R  

(cl  a n d  c2 )  a re  s u m m a r i z e d  i n  t a b l e s  1 a n d  2 w h i c h  a re  t a k e n  from 

Yang  ( 1 9 8 4 ) .  T h e  q u a n t i t y  - R H  is a v e r t i c a l  a v e r a g e  o f  r e l a t i v e  

h u m i d i t y .  S i n c e  t h e  c l i m a t o l o g i c a l  dew p o i n t  data  a re  l i m i t e d  t o  

p r e s s u r e  a l t i t u d e s  l e s s  t h a n  500 m b ,  v a l u e s  o f  - R H  a b o v e  500 m b  

were o b t a i n e d  ( a t  300, 2 0 0 ,  a n d  100 mb) b y  a n  i n t e r p o l a t i o n  

m e t h o d  ( B r i e g l e b  a n d  R a m a n a t h a n  ( 1 9 8 2 ) )  u s i n g  t h e  f o r m u l a  o f  

Har r ies  ( 1 9 7 6 )  f o r  100  m b  s p e c i f i c  h u m i d i t i e s .  C l o u d  t o p  

t e m p e r a t u r e s ,  Tc,  were o b t a i n e d  b y  a s s i g n i n g  c l o u d  t o p  h e i g h t s  t o  

s p e c i f i c  p r e s s u r e  l e v e l s :  n e a r  s u r f a c e ,  850 ,  7 0 0 ,  500 ,  300 a n d  

2 0 0  m b ,  s o  t h a t  t h e  c l o u d y  s k y  v a l u e s  o f  O L W R  m a t c h  

c l i m a t o l o g i c a l  OLWR da t a  c o m p i l e d  from NOAA s c a n n i n g  radiometer 

m e a s u r e m e n t s  ( A b e l  a n d  G r u b e r ,  1 9 7 9 ) .  C l o u d  t o p  t e m p e r a t u r e s  a re  

t h e n  u s e d  i n  t h e  m o d i f i e d  e a r t h  a l b e d o  model. 

2 .2  E a r t h  Albedo Model 

A schematic d i a g r a m  w h i c h  descr ibes  t h e  c h a r a c t e r i s t i c s  

of t h e  o r i g i n a l  t i m e  v a r i a b l e  e a r t h  a l b e d o  model is shown i n  F i g .  

2. T h e  e a r t h ' s  a l b e d o  i s  c a l c u l a t e d  f o r  2 4  d i f f e r e n t  G r e e n w i c h  

m e a n  t imes ,  a s  t h e  e a r t h  t u r n s  u n d e r n e a t h  t h e  s u n .  T h i s  i s  

r e p e a t e d  f o r  a n  a v e r a g e  d a y  o f  e a c h  m o n t h  o f  t h e  y e a r  a s  t h e  

s o l a r  d e c l i n a t i o n  c h a n g e s .  H e n c e  t h e  p h a s e  " t i m e  v a r i a b l e  

e a r t h ' s  a lbedo , "  e m p h a s i z i n g  t h a t  t h e  e a r t h ' s  a l b e d o  a n d  a b s o r b e d  

s o l a r  r a d i a t i o n  is  v a r y i n g  c o n t i n u o u s l y .  

S u r f a c e  a l b e d o  da ta  u s e d  i n  t h e  model were d e r i v e d  f r o m  t h e  

s e a s o n a l  v a l u e s  of Hummel a n d  Reck  ( 1 9 7 9 ) ,  m o n t h l y  a v e r a g e  z o n a l  
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Table 1. 
at the top of the atmosphere ( z  = 50 km) (after Warren and Thompson 

Parameterization for clear-sky outgoing IR irradiance 

- 
? 

c1 = outgoing c l e a r  sky IR ( W  m -2) .  

T, = sur face  a i r  temperature ("C) (-118°C cTS ~ 5 7 ° C ) .  

RH = height-mean r e l a t i v e  humid i ty  from 0 t o  12 km (Eq. 2.4) - 
(0.2 t R H  c1.0). - 

PARAMETER1 ZATION: 

c1 = a. + alTs + a2TS2 + a3Ts3, where 

an = bOn + b l f i  + b2&i2, n = 0, 1, 2, 3.  

n = O  

bo0 = 2.43414 x l o 2  
b10 = -3.47968 x l o 1  
b20 = 1.02790 x l o 1  

n = 2  - 
bO2 = 4.40272 x 10 i3 
b22 = 1.12265 x 10" 
b i z  = -2.26092 x IO- 

n = l  - 
bo1 = 2.60065 x l o o  
b l l  = -1.62064 x 10' 
b21 = 6.34856 x 10-1 

n = 3  

bo3 = -2.05237 x 
b13 = -9.67000 x 
b23 = 5.62925 x 10'' 

r 



Table 2. 
IR irradiance at the top of the atmosphere (2 = 50 km) (after 
Warren and Thompson) 

Parameterization of cloud modification term for outgoing 

c2Ac = c loud mod i f i ca t i on  term ( W  18) [see Eq. (2.2)]. 

A, = f r a c t i o n a l  t o t a l  c loud amount. 
/ 

TSc = Ts* - Tc (0 < Tsc , 60K). 
Ts = surface a i r  temperature (-118°C < Tc < 57°C). 

Tc = c loud t o p  temperature (-118'C < Tc < 57°C). 

- RH = height-mean r e l a t i v e  humidi ty [Eq. (2.4)] 
(0.2 < & < 1.0). 

I PARAMETERIZATION: 
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- .  v a l u e s  o f  R o b o c k  ( 1 9 8 0 )  a n d  d i r e c t i o n a l  a l b e d o  f u n c t i o n s  f o r  

l a n d ,  ocean a n d  s n o w / i c e  r e g i o n s  o f  L a r s o n  a n d  B a r k s t r o m  ( 1 9 7 7 ) .  

I n  t h e  i n i t i a l  ( 1980)  v e r s i o n  o f  t h i s  a l b e d o  m o d e l ,  c l o u d  

a l b e d o s  were d e r i v e d  from t h e  d i r e c t i o n a l  r e f l e c t i o n  f u n c t i o n  of 

L a r s o n  a n d  B a r k s t r o m  ( 1 9 7 7 )  w i t h  mu1 t i p l y i n g  f a c t o r s  w h i c h  

a t t empted  t o  a d j u s t  t h e  L a r s o n  a n d  B a r k s t r o m  f u n c t i o n s  t o  a p p l y  

t o  e a c h  s p e c i f i c  c l o u d  c l i m a t e  r e g i o n  o f  S h e r r  e t  a l .  (1968) .  

T h e s e  m u l t i p l y i n g  f a c t o r s  were selected u s i n g  c l o u d  a lbedo  data  

o f  K o n d r a t y e v  ( 1 9 7 3 ) .  I n  t h i s  i n i t i a l  v e r s i o n  of t h e  m o d e l ,  t h e  

g l o b a l  a n n u a l  a l b e d o  of t h e  e a r t h  w a s  a d j u s t e d  t o  s a t e l l i t e  

m e a s u r e d  v a l u e s  o f  30% b y  a d j u s t i n g  t h e  g l o b a l  a n n u a l  a v e r a g e  

p e r c e n t  c l o u d  c o v e r  t o  4 5 % .  T h i s  w a s  d o n e  w i t h  a c o s n t a n t  

m u l t i p l y i n g  f a c t o r  f o r  a l l  o f  t h e  S h e r r  e t  a l .  (1968)  c l o u d  c o v e r  

d a t a ,  w h i c h  b e f o r e  m o d i f i c a t i o n  h a d  a g l o b a l  a n n u a l  a v e r a q e  o f  

60%. 

T h i s  f o r m u l a t i o n  o f  c l o u d  a l b e d o  was m o d i f i e d  f o r  t h e  E a r t h  

R a d i a t i o n  B u d g e t  C l i m a t e  Model i n  o r d e r  t o  r e l a t e  c l o u d  t o p  

t e m p e r a t u r e s  of t h e  OLWR m o d e l  t o  t h e  c l o u d  a l b e d o s  of t h e  a l b e d o  

model. A s c h e m a t i c  d i a g r a m  o f  t h e  m o d i f i e d  e a r t h ' a l b e d o  model is 

shown i n  F i g .  3. 

3 .  C l o u d  Albedo a s  a F u n c t i o n  of C l o u d  Top T e m p e r a t u r e  - -  7 

T h e  d a t a  u s e d  i n  e s t a b l i s h i n g  t h e  c l o u d  t o p  t e m p e r a t u r e  - 
c l o u d  a l b e d o  r e l a t i o n s h i p s  a r e  s h o w n  i n  F i g .  4 f r o m  H e n d e r s o n -  

S e l l e r s  ( 1 9 8 4 )  w h i c h  was d e r i v e d  f r o m  d a t a  i n  B u n t i n g  a n d  

d ' E n t r e m o n t  ( 1 9 8 2 ) .  T h e  2 9  c l o u d  c l i m a t o l o g i c a l  t y p e s  were 

c l a s s i f i e d  b y  S h e r r  e t  a l .  (1968) a s  f o l l o w s  (see t a b l e  3 ) :  
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FIGURE 4 .  
c loud  t y p e s  sensed  by a DMSP s a t e l l i t e  d u r i n g  December 1979 on p a s s e s  ove r  
North and South America ( a f t e r  A i r  Force Geophysics Labora tory  Techn ica l  
Repor t ,  N o .  82-0027, Bunt ing  and d 'Entremont ,  1982, Hanscom, Mass. 01731, 
USA). 

Mean t empera tu res  and  . r e f l e c t i v i t i e s  f o r  v a r i o u s  clear areas and 

( F i g u r e  from Henderson-Sel la rs ,  page 212) 



l o  

TABLE 3. General d e s c r i p t i o n  of  c loud  c l i m a t o l o g i c a l  r e g i o n s  
a f t e r  S h e r r  e t  a l .  (1968). 

2 

Esrentt  r l  ly  
Clear 

L l t t l r  
Cloud1 ness 

T m p t c r l  
Cloudy 

)bderrte 
C h d  t ness 

Desert 
k r t n e  

Dcsert k r t n e  
Cloudy Minter 

Desert  k r t n e  
Cloudy kmner 

Rid L r t t t u d r  - Clrrr 
Iuracr 

n igh  L r t l t u d e  - Cloudy 
Sumct 

Ht9h LrtttuCe - Clcrr 
Ytnter 

qld L r t l t u C e  - Land 

TmplCJ l  

r m p t c r i  - 
:loudy 
h e r  

i t a  ~ r t t t u d e  
* k e r n  

3 

- 
Y 
I 

4 
/ 

War Dcsert 
Arer 

Lob-Desert 
Arras 

Near Equator 

Worth or b u t  
Of Rtpfon 03 

Over Ocean - 
off k s t  

h e r  k e r n  - 
Yest o f  Peru 

h e r  k e r n  - 
k s t  o f  Brjr 
:r1 iform,tr 

b r t h  k r r t c r  

b J S t S  

l o r t h  )Q l r f c r  
btr 

b l 8 .  
l o r th  kncrtcr 

brthern 
Im.isphere 

l o r th  o f  
eglon 03 

or thern  
m l r p h r r e  

%all 

bul l  

b v l l  

s a l  1 

h l 1  

E 1 t r w  

L t r m  

Extrmr 

) b d e r r t l  

L t r m e  

lbdrrr tc 

Werrti 

W e r a t e  

20 

40 

D 6 0  

2 50 

2 50 

= 70 

* 70 

40 

2 70 

2 70 

2 5 0  

* b0 

2 60 

1 

20 

40 

* w  

2 5 0  

2 so 

e 3 0  

30 

2 70 

2 5 0  

30 

2 70 

2 50 

D 70 

- -- 
-- 

b n v e c t t  ve 

b n v c c t t  ve 

S t r r t t f o m  

S t r r t t f o m  

S t t J t l f O m  

lynopt tc  
k r l r  

Syno t p  t c 
k r l  c 

Sjnopttc 
k a l e  

I ynopt lc  
k r l r  

:onvcct l re 

iJMpt fC 
kJlr 
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23 

24 
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19 
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2 
High Lr t l tudc - Ocean 

Polar 

T r o p i c r l  - 
Change 

l r o p l c r l  - 
Clear 
Winter 

Mrd i te r -  
rrnean 

fe&SOf I& l  

Sub fmpiCA1 

Sub TroplCAl - Ocean 

f r o p l c r l  - 
Cloudy 
Sumc r 

R l d  L r t l t u d e  
&ern 

High l a t i t u d e  - & t i n .  

Potrr  

Troptcal - 
Sea sona 1 
Change 

Clcr r  
Ylnter 

C d i t e r -  
r rncrn 

r r o p f c r i  - 

5ub l r o p l c a l  
Land 

iub l r o p l c r l  - Ocean 

TABLE 3 continued. 
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Northern 

t s phc r e  

Northern 
Hrml sphere 

North o f  
Region 03 

Northern 
Wsni sphere 
Near Aeglon 1 

Northern 
Henlsphere 
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Mestern North 
h r l c r  

Mrthtrn 
H m i  sphere 
5 30N 

Northern 
Hm i sphere 
5 30N 
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Southern 
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b u t h c r n  
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Region 25: 
U r i c # .  
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Southern 
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k a l e  

synopt ic  
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Cbnvcctfve 
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Synoptic 
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Convectlve 
Synopt l c 

Convective 
Synoptic 
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Sy nop t 1 c 
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:onv rc t l  r e  
ly nop t I c 
c a l e  
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- 
I 
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LJrgr 
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h l 1  

Saul1 

L a q e  
-11 
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hvll 

t r q e  

bull 
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b a l l  

. a q c  

ar3e 

ml1 

mll  

rrge 
P I 1  1 

m r l l  
m r l l  

I 

ORIGINAL PAGE ZS 
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a.  

b. 

C .  

d .  

e. 

f .  

" E s s e n t i a l l y  c l ea r "  o r  " l i t t l e  c l o u d i n e s s " :  c l o u d  t y p e s  
1 a n d  2 (assumed t o  b e  c u m u l u s  i n  t h i s  m o d e l ) .  

" S t r a t i f o r m ;  o v e r  t h e  ocean o f f  o f  t h e  w e s t  c o a s t  of  
c o n t i n e n t s " :  c l o u d  t y p e s  5 ,  6 a n d  7 ( s t r a t u s  o r  
s t r a t o c u m u l u s  i n  t h i s  m o d e l ) .  

" C o n v e c t i v e ;  t r o p i c a l " :  c l o u d  t y p e s  3 ,  4 ,  1 2 ,  1 6 ,  1 7 ,  
2 1 ,  25  a n d  26 ( c u m u l u s  o r  c u m u l o n i m b u s  i n  t h i s  model). 

" S y n o p t i c  s c a l e " :  c l o u d  t y p e s  8 ,  9 ,  10, 11, 1 3 ,  1 4 ,  15 ,  
2 2 ,  2 3  a n d  2 4  ( c u m u l u s ,  s t r a t o c u m u l u s  o r  c u m u l o n i m b u s  
i n  t h i s  m o d e l ) .  

" C o n v e c t i v e  i n  J u n e  t o  A u g u s t  a n d  s y n o p t i c  s c a l e  i n  
December t o  March" :  c l o u d  t y p e s  18,  19 a n d  20.  

" C o n v e c t i v e  i n  December t o  March a n d  s y n o p t i c  s c a l e  i n  
J u n e  t o  A u g u s t " :  c l o u d  t y p e s  2 7 ,  28  a n d  29.  

S i n c e  t h e  t i m e  p e r i o d s  d e s c r i b e d  i n  e. a n d  f .  a b o v e  d i d  n o t  

e n c o m p a s s  t h e  e n t i r e  y e a r ,  t h e y  were e x t e n d e d  t o  b e  J u n e  t o  

November  a n d  December  t o  May f o r  t h i s  m o d e l .  

T h e  e q u a t i o n s  r e l a t i n g  c l o u d  a l b e d o  ( R C T )  t o  c l o u d  t o p  

t e m p e r a t u r e  ( C T T )  d e r i v e d  b y  r e g r e s s i o n  f r o m  t h e  d a t a  o f  F i g .  4 

f o r  t h e  c l o u d  t y p e  c l a s s i f i c a t i o n s  l i s t e d  a b o v e  are:  

Cumulus :  RCT = -185 (1) 

S t r a t i f o r m :  
RCT = - 3 2 9  
RCT = - 2 4 5 5 -  - 0 3 1 5  CTT 

f o r  CTT>-2.65OT ( 2 )  
f o r  C T T S  -2.65OC ( 3 )  

C o n v e c t i v e :  
RCT = -185 f o r  CTT19 .35OC ( 4 )  
RCT = .2492-  . 0 0 6 8 6 7  CTT f o r  CTT59 .35OC ( 5 )  

S y n o p t i c  S c a l e :  
RCT = - 1 8 5  f o r  CTT-9.35OC ( 6 )  
R C T  = , 3 3 5 6 1  CTT-.00017618 CTT2 ( 7 )  

f o r  CTT 1 9 . 3 5 O C  

p a r a m e t e r i z e d  e q u a t i o n s  f o r  t h e  a l b e d o  o f  a loo x l o o  
( L a t . ,  Lon . )  r e g i o n  o f  t h e  e a r t h  f o r  a s o l a r  z e n i t h  a n g l e  0 a r e  

s u m m a r i z e d  i n  t a b l e  4 ,  where:  
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TABLE 4. P- EQUATION8 FOR THE ALBEDO OF A lO'xlO9Lar.,LON.) 
BEGSON OF THE EARTH. 
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I = N = i n d e x  f o r  mon th  of t h e  y e a r  
J = l o n g i t u d e  i n d e x  
K = l a t i t u d e  i n d e x  
LT = l o c a l  t i m e  i n d e x  
NT = c loud  c l i m a t o l o g i c a l  t y p e  i n d e x  
0 = so la r  z e n i t h  a n g l e  
GLCLC = g l o b a l  a n n u a l  a v e r a g e  c l o u d  cover 
A ( I , J , K )  = s u r f a c e  a l b e d o  f o r  m o n t h  I ,  l o n g i t u d e  r e g i o n  J ,  

F O ( 0 )  = D i r e c t i o n a l  r e f l e c t a n c e  f u n c t i o n  fo r  o c e a n  areas 
F L ( O )  = D i r e c t i o n a l  r e f l e c t a n c e  f u n c t i o n  f o r  l a n d  areas  
F S ( 0 )  = D i r e c t i o n a l  r e f l e c t a n c e  f u n c t i o n  f o r  s n o w / i c e  

F C ( O )  = D i r e c t i o n a l  r e f l e c t a n c e  f u n c t i o n  f o r  c l o u d s  
Ms = t h e  s l o p e  f u n c t i o n  o f  Nack a n d  C u r r a n  ( r e l a t i n g  

As = t h e  i n t e r c e p t  c o n s t a n t  of Nack a n d  C u r r a n  
PC(LT,NT,N) = p e r c e n t  c l o u d  c o v e r  
GLCLC = g l o b a l  a n n u a l  a v e r a g e  p e r c e n t  c l o u d  c o v e r  
R C T ( I , J , K )  = c l o u d  a lbedo 
F W ( K , N )  = a c o n s t a n t  d e t e r m i n e d  b y  t h e  r a n g e  of s u n  a n g l e s  

f o r  l a t i t u d e  i n d e x  K a n d  mon th  N ,  f o r  o c e a n  a lbedos 
F L ( K , N )  = a s  a b o v e ,  f o r  l a n d  a lbedos  
F s ( K , N )  = a s  a b o v e ,  f o r  s n o w / i c e  a n d  c l o u d  a lbedos.  

a n d  l a t i t u d e  r e g i o n  K ( B a r t m a n ,  1980)  

a reas  

s u r f a c e  a l b e d o  t o  a lbedo  o f  t h e  t o p  of t h e  a tmosphere 

4. R e s u l t s  

The  

f o l l o w s :  

a .  

b. 

C .  

p r o c e d u r e  u s e d  f o r  c a l c u l a t i o n s  w i t h  t h i s  model a r e  a s  

S e l e c t  a v a l u e  of g l o b a l  a n n u a l  c l o u d  c o v e r  ( G L C L C )  t o  

be u s e d  a s  a c o n s t a n t  m u l t i p l y i n g  f a c t o r  f o r  t h e  S h e r r  

e t  a l .  c l o u d  c o v e r  d a t a .  I n  t h e  1980 v e r s i o n  o f  t h e  

a lbedo  model, t h i s  w a s  d e t e r m i n e d  t o  be 45%. 

W i t h  t h i s  v a l u e  of G L C L C ,  f o r  e a c h  m o n t h  d e t e r m i n e  

c l o u d  t o p  p r e s s u r e  a 1  t i t u d e s  ( a n d  t h e r e f o r e  c l o u d  t o p  

t e m p e r a t u r e )  f o r  e a c h  c l o u d  t y p e  r e g i o n  o f  S h e r r ,  s o  

t h a t  t h e  c a l c u l a t e d  v a l u e s  of OLWR c l o s e l y  a p p r o x i m a t e  

t h e  m e a s u r e d  v a l u e s  o f  N O A A  ( A b e l  a n d  G r u b e r ,  1 9 7 9 ) .  

U s e  t h e  same v a l u e  o f  G L C L C  a n d  t h e  c l o u d  t o p  

t e m p e r a t u r e s  d e t e r m i n e d  i n  b. a b o v e  i n  t h e  a l b e d o  model 

t o  d e t e r m i n e  t h e  l a t i t u d e - l o n g i t u d e  d i s t r i b u t i o n  of 
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a l b e d o  f o r  e a c h  m o n t h  a n d  z o n a l  a n d  g l o b a l  a v e r a g e  

v a l u e s  of a l b e d o  f o r  e a c h  mon th  a n d  f o r  t h e  y e a r .  T h e  

g l o b a l  a n n u a l  a v e r a g e  v a l u e  o f  a a l b e d o  s h o u l d  b e  c lose  

t o  30%, a s  d e t e r m i n e d  from s a t e l l i t e  m e a s u r e m e n t s .  

4.1 R e s u l t s  o b t a i n e d  w i t h  GLCLC e q u a l  t o  45% - -- 
T h e  OLWR r e s u l t s  o b t a i n e d  w i t h  G L C L C  e q u a l  t o  4 5 %  a r e  

t h o s e  o b t a i n e d  by Yang  ( 1 9 8 4 ) .  C l o u d  t o p  p r e s s u r e  l e v e l s  a r e  

shown i n  t a b l e  5a. 

Z o n a l  a n d  g l o b a l  a n n u a l  a v e r a g e s  o f  a l b e d o  o b t a i n e d  

w i t h  G L C L C  = 4 5 % ,  s h o w n  i n  c o l u m n  1 o f  t a b l e  6 ,  do  n o t  a g r e e  w e l l  

w i t h  s a t e l l i t e  m e a s u r e d  v a l u e s .  I n  p a r t i c u l a r ,  a g l o b a l  a n n u a l  

a v e r a g e  v a l u e  of a l b e d o  of 27.35% w a s  o b t a i n e d .  

A m o d i f i c a t i o n  o f  t h e  c l o u d  t o p  t e m p e r a t u r e  - c l o u d  

a l b e d o  e q u a t i o n s  w a s  f o u n d  b y  " c u t  a n d  t r y "  t e c h n i q u e s  w h i c h  

w o u l d  p r o d u c e  a g l o b a l  a n n u a l  a v e r a g e  a l b e d o  o f  30.55% w h i c h  is  

i n  b e t t e r  a g r e e m e n t  w i t h  s a t e l l i t e  m e a s u r e d  v a l u e s .  

T h e  m o d i f i e d  e q u a t i o n s  f o r  c l o u d  a l b e d o  a s  a f u n c t i o n  

of c l o u d  t op  t e m p e r a t u r e  a r e :  

a. C u m u l u s :  RCT = -185 ( 8 )  

b. S t r a t i f o r m :  
RCT = . 3 2 9  f o r  C T T r 5 . 3 5  ( 9 )  
RCT = .2455- .0315 ( C T T - 8 )  f o r  C T T S 5 . 3 5  ( 10 ) 

c.  C o n v e c t i v e  
RCT = -185 f o r  CTT 7 2 1 . 3 5  (11) 
RCT = .2492- .006867(CTT-12)  f o r  C T T s 2 1 . 3 5  ( 1 2  ) 

d .  S y n o p t i c  s ca l e  
RCT = ,185 f o r  CTT 7 2 1 . 3 5  ( 1 3 )  
RCT = .33561-.015624(CTT-Delta) 

- .00017618 (CTT-De1 ta I2  
f o r  ( C T T s 2 1 . 3 5 )  ( 1 4 )  

w h e r e  Delta = 8 f o r  K 4 1 0  a n d  ( 4 r N - 9 )  
a n d  De l t a  = 0 o t h e r w i s e .  
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1 2 3 4 5  678910 

J 3 3 5 3 3  4 3 5  1 1  
P 3 3 5 3 3  4 2 4 2 1  
M 2 3 5 3 3  4 3 4  2 1 
A 2 3 5 3 2  3 3 3 2 3  
M 1 2 4 3 2  3 3 3 2 3  
J 1 2 4 3 2  3 1 3 3 3  
J 1 3 4 3 3  3 2 2 3 4  
A 1 3 4 3 3  3 1 3 3 3  
S 1 3 4 3 3  4\21 3 3  
0 1 2 4 3 3  3 1 3 3 3  
N 1 1 4 3 3 ‘  3 1 4  3 2 
D 3 3 4 3 3  4 2 4 3  1 

MONTH 

CLOUD TYPE 
1 1  12 13 14 15 

3 3 3 3 1  
3 3 4 3 1  
3 3 3 3 1  
3 3 3 3 1  
2 3 4 3 1  
3 3 4 3 2  
3 3 3 3 3  
3 3 3 3 3  
3 4 4 3 3  
3 4 4 4 3  
3 3 4 3 3  
3 3 3 3 2  

16 17 181920 21 Z A 2 4 E -  26272829 

3 1 3 4 3  4 3 3 3 6  4 3 3 3  
3 1 3 3 3  4 3 3 2 6  4 3 3 3  
3 1 2 3 3  4 3 3 2 5  4 3 3 3  
4 1 2 4 3  3 3 3 3 4  3 3 3 3  
4 3 2 4 3  3 3 3 3 4  1 3 3 3  
4 4 1 5 3  1 3 3 3 3  1 2 3 3  
4 4 1 6 3  1 3 3 3 2  1 2 3 3  
5 3 1 6 3  2 3 3 3 3  1 2 3 3  
4 4 1 4 3  3 3 3 3 4  2 3 3 3  
4 3 2 4 3  3 3 3 3 5  3 3 3 3  
3 3 2 3 3  3 3 3 2 5  3 3 3 3  
3 1 3 3 3  4 3 3 3 6  4 2 2 3  

TABLE5aCLOUD’1\3PLEYELINDEX. 1, NEARSURPACE; 2,850MB; 
3, 7UlMB;4, SOOPfB;S, 3OOMB; AND 6, 2OOMB. 
(GLCLC-45%), AFTER YANG(1W) 

M 
A 
M 
J 
J 
A 
S 
0 
N 
D 

3 2 4 - 2  
- - 3 - -  
- 3 3 -  3 
- 3 3 2  3 

- 2 3 - 2  
- 2 3 - 2  - - - - -  
- e - - -  

- - - - -  

2 - 4 2 -  

3 -  3 2 -  
2 2  3 2 -  

2 4 4 4 2  
- 3 3 4 2  

- - - - -  

- - - - -  

1 4 2  3 4 4 3 4  
2 - -  

3 2  1 5 2  2 - 2 2  3 
- 3 - 4 -  2 2 2 2  - 

5 - - - -  2 -  
4 4  - 5 2  - -  2 - -  
3 3 - 5 -  2 - - 4 3  

2 - -  
2 3 -  

- 4  

- -  
- - - - - - -  

- - -  

- - - - - - -  
- - - - -  - -  

- -  
TABLE5b NEW VALUES OF CLOUD TOP LEVEL INDEX OBTAINED 

WITH GLCLC=57%. 
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TABLE6. MONTHLY AVERAAGE ALBEDO 

96 n o m  COYER 45 45 SI 
CLOUD rnP TEMP. CTl cn CTl 

EQUATIONS USED urn @H14) (1I-m 
JAN 28.92 31.64 32.37 

MAR 27.71 30.22 30.72 
APR 27.60 30.10 30.32 

MAY 26.84 30.79 29.21 

JUN 26.50 30.86 29.03 

JUL 25.41 29.83 27.94 
AUG 25.08 29.20 27-73 

1 
m / 28.07 30.73 31.28 

SEP 

m 
NOY 

DEC 
ANNUAL 

26.80 29.61 29.81 

27.77 30.57 30.83 

28.20 31.02 31.34 

28.88 31 -83 32.24 

SI 

cn 
UH7) 
31.66 

29.05 

30.11 

27.90 

27.75 

25.37 

27.91 

26.97 
28.22 

30.26 

30.82 

31.55 

AYERAGE 27.35 30.55 30.27 29.02 
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4.2 R e s u l t s  o b t a i n e d  w i t h  GLCLC e q u a l  t o  5 7 %  - -- 
A h i g h e r  a l b e d o  w o u l d  a l s o  be  o b t a i n e d  w i t h  t h e  

o r i g i n a l  e q u a t i o n s  ( e q u a t i o n s  1 t o  7 )  f o r  c l o u d  a l b e d o  i f  a 

l a r g e r  v a l u e  of g l o b a l  a n n u a l  a v e r a g e  c l o u d  cove r  ( C L C L C )  were 

u s e d .  F o r  a v a l u e  o f  G L C L C  o f  5 7 % ,  a g l o b a l  a n n u a l  a l b e d o  o f  

30 .27  is o b t a i n e d ,  a s  s h o w n  i n  c o l u m n  3 of  t a b l e  6. H o w e v e r ,  

t h i s  v a l u e  o f  5 7 %  m u s t  a l s o  be  u s e d  i n  t h e  OLWR m o d e l .  When t h a t  

i s  d o n e ,  some c l o u d  t o p  l e v e l s  a r e  c h a n g e d  ( s e e  t a b l e  5b.) a n d  

some c l o u d  t o p  t e m p e r a t u r e s  a r e  i n c r e a s e d .  T h e  n e t  e f f e c t  is a n  

i n c r e a s e  i n  a lbedo  ( c o l u m n  4 i n  t a b l e  6 ) .  A f u r t h e r  i n c r e a s e  o f  

GLCLC a b o v e  5 7 %  is i n d i c a t e d .  

A l t h o u g h  t h e  c a l c u l a t i o n s  h a v e  n o t  b e e n  made, a r o u g h  

e x t r a p o l a t i o n  of t h i s  p r o c e s s  ( i n c r e a s i n g  g l o b a l  a n n u a l  a v e r a g e  

c l o u d  c o v e r ,  i n c r e a s i n g  c l o u d  t o p  t e m p e r a t u r e s )  i n d i c a t e s  t h a t  a 

v a l u e  o f  60-65% g l o b a l  a n n u a l  a v e r a g e  c l o u d  c o v e r  w o u l d  y i e l d  

v a l u e s  o f  OLWR i n  a g r e e m e n t  w i t h  t h e  NOAA da ta  a n d  g l o b a l  a n n u a l  

a v e r a g e  a l b e d o  o f  a b o u t  30%. 

4 . 3  C o n t o u r  Maps of OLWR a n d  Albedo --- 
C o n t o u r  maps of OLWR a n d  a l b e d o ,  f o r  each month  of t h e  

y e a r ,  a r e  s h o w n  i n  t h e  a p p e n d i c e s  t o  t h i s  r e p o r t  f o r  m o d e l  

v e r s i o n s  a s  i n d i c a t e d  i n  t a b l e  7 b e l o w .  T h e s e  r e s u l t s  a r e  n o t  

d i s c u s s e d  s i n c e  t h e y  a r e  p r e l i m i n a r y  a n d  m a y  b e  c h a n g e d  

s i g n i f i c a n t l y  b y  f u r t h e r  work. 
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T a b l e  7 .  C o n t o u r  Maps i n  A p p e n d i c e s  f o r  Model V e r s i o n s  I n d i c a t e d  

- OLWR Albedo GLCLC C l o u d  Albedo E q u a t i o n s  

A p p e n d i x  7 . 1  X X 45% 1 - 7  

A p p e n d i x  7.2 X 45% 8 - 14 

A p p e n d i x  7 . 3  X X 57% 1 - 7  

5. C o n c l u s i o n s  a n d  R e c o m m e n d a t i o n s  - f o r  F u r t h e r  work  - 
A 2-D E a r t h  R a d i a t i o n  B u d g e t  C l i m a t e  Model h a s  b e e n  

c o n s t r u c t e d  f r o m  a n  OLWR model  ( Y a n g ,  1 9 8 4 )  a n d  a n  e a r t h  a l b e d o  

model ( B a r t m a n ,  1980, 1981). E a c h  of these models u s e  t h e  c l o u d  

c o v e r  c l i m a t o l o g y  o f  S h e r r  e t  a l .  (1968)  m o d i f i e d  by  a f a c t o r  

GLCLC w h i c h  a d j u s t s  t h e  g l o b a l  a n n u a l  a v e r a g e  c l o u d  cover.  T h e  

t w o  m o d e l s  a r e  l i n k e d  b y  a s e t  o f  e q u a t i o n s  w h i c h  r e l a t e  t h e  

c l o u d  a l b e d o s  t o  t h e  c l o u d  t o p  t e m p e r a t u r e s  of t h e  OLWR m o d e l .  

T h e s e  e q u a t i o n s  a r e  d e r i v e d  f r o m  s i m u l t a n e o u s  n a r r o w  b a n d  

m e a s u r e m e n t s  of  c l o u d  t o p  t e m p e r a t u r e  a n d  a l b e d o  ( B u n t i n g  a n d  

d ' E n t r e m o n t ,  1 9 8 2 ) .  

I n i t i a l  r e s u l t s  o b t a i n e d ,  so  f a r ,  i n d i c a t e  t h a t :  

a. W i t h  a g l o b a l  a n n u a l  a v e r a g e  c l o u d  c o v e r  of  4 5 %  a n d  a 

m o d i f i e d  s e t  of  t h e  c l o u d  a l b e d o  e q u a t i o n s ,  t h e  model  

w i l l  p r o d u c e  v a l u e s  o f  OLWR a n d  o f  g l o b a l  a n n u a l  

a v e r a g e  a l b e d o  i n  r e a s o n a b l e  a g r e e m e n t  w i t h  s a t e l l i t e  

m e a s u r e m e n t s .  

b .  W i t h  a n  u n m o d i f i e d  s e t  o f  c l o u d  a l b e d o  e q u a t i o n s ,  a 

g l o b a l  a n n u a l  a v e r a g e  c l o u d  c o v e r  g r e a t e r  t h a n  5 7 %  

w o u l d  b e  r e q u i r e d  t o  p r o d u c e  m o d e l  r e s u l t s  i n  
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r e a s o n a b l e  a g r e e m e n t  w i t h  s a t e 1  l i t e  e a r t h  r a d i a t i o n  

b u d g e t  m e a s u r e m e n t s .  

T h e  work  o n  t h e  model is  incomplete .  A d d i t i o n a l  work  w h i c h  

n e e d s  t o  be d o n e  i n c l u d e s :  

a .  A s t u d y  o f  t h e  c l o u d  a l b e d o  e q u a t i o n s ,  w i t h  

c o n s i d e r a t i o n  of t h e  d i f f e r e n c e  b e t w e e n  w i d e  b a n d  c l o u d  

a l b e d o s  a n d  t h e  m e a s u r e d  n a r r o w  b a n d  c l o u d  a l b e d o s .  

T h i s  s t u d y  should y i e l d  a n  i m p r o v e d  s e t  of c l o u d  a lbedo  

e q u a t i o n s .  

b .  U s e  of t h e  i m p r o v e d  c l o u d  a l b e d o  e q u a t i o n s  i n  t h e  model 

t o  f i n d  t h e  v a l u e  o f  g l o b a l  a n n u a l  a v e r a g e  c l o u d  c o v e r  

w h i c h  y i e l d s  OLWR a n d  a l b e d o s  i n  b e s t  a g r e e m e n t  w i t h  

s a t e l l i t e  m e a s u r e d  v a l u e s  c o n s i d e r i n g  g l o b a l ,  z o n a l  a n d  

l a t i t u d e - l o n g i t u d e  d i s t r i b u t i o n s  of O L W R ,  a l b e d o  a n d  

n e t  rad i a ti  on. 

c .  C a l c u l a t i o n  o f  n e t  r a d i a t i o n  a n d  c l o u d  f o r c i n g  

f u n c t i o n s  f o r  t h e  i m p r o v e d  e a r t h  r a d i a t i o n  b u d g e t  

c l imate  model. 
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Appendix 7 . 1  

Contour Maps of  OLWR and Albedo f o r  GLCLC e q u a l  

t o  45% us ing  equa t ions  1-7. 
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Appendix 7 . 2  

Contour Maps of Albedo f o r  GLCLC equals  t o  4 5 % ,  us ing  

equa t ions  8- 14. 
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Appendix 7.3 

Contour Maps of OLWR and Albedo f o r  GLCLC 

equa l  t o  57%, us ing  equa t ions  8-14. 
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